Introduction
The therapeutic effect of various plant essential oils has been intensely explored in recent years. Carvacrol (2-methyl-5-(1-methylethyl)-phenol) is a monoterpenic phenol present in the essential oil of the herb oregano, and has been shown to posses antibacterial, antifungal, and insecticidal effects (32) . Due to its rather safety, carvacrol is used to add favor in baked goods, sweets and beverages. In vitro, carvacrol was shown to have biocidal activity against human, animal or plant pathogens via a membrane-interrupting pathway (7, 31) . Furthermore, carvacrol has been shown to have anticancer potential in different cell models. It has been shown that carvacrol caused cytotoxicity in some cancer cells such as neurons and N2a cancer cells (3), K562 myeloid leukemia cells (24) , DBTRG-05MG human glioblastoma cells (19) , OC2 human oral cancer cells (18) , and MDA-MB-231 human breast cancer cells (2) . However, the effect of carvacrol on Ca 2+ homeostasis and related physiological effects in prostate cancer cells has not been explored.
A transient rise in the free cytosolic Ca 2+ levels ([Ca 2+ ] i ) is a key intracellular trigger that stimulates or regulates cellular responses including enzyme activation, gene expression, secretion, contraction, cell proliferation, plasticity, fertilization, protein processing and apoptosis (4) . [Ca 2+ ] i can rise due to Ca 2+ influx through plasma membrane or Ca 2+ release from intracellular organelles such as the endoplasmic reticulum (6) . The action of carvacrol on Ca 2+ signaling has been explored in cell models such as DBTRG-05MG cells (19) , OC2 cells (18) , Jurkat T cells, and monocytic THP-1 cells (9) . However, the effect of carvacrol on Ca 2+ handling and cytotoxicity in human prostate cancer cells is unclear.
The present study was aimed to explore the mechanisms underlying the effects of carvacrol on [Ca 2+ ] i in PC3 human prostate cancer cells. The PC3 cell line was used because it produces measurable [Ca 2+ ] i rises upon pharmacological stimulation. It has been shown that in this cell, [Ca 2+ ] i rises and death can be evoked by stimulation with chemicals such as diindolylmethane (29) , celecoxib (33) and deltamethrin (17) .
Fura-2/AM was used as a Ca 2+ -sensitive dye to measure intracellular fluorescence related to [Ca 2+ ] i . The measurement of cell viability was based on the detecting agent WST-1. The aim of this study was to explore the effects of carvacrol on [Ca 2+ ] i and cytotoxicity and to establish their relationship in PC3 cells. The [Ca 2+ ] i rises were characterized, the concentration-response plots were established, and the pathways underlying carvacrol-evoked Ca 2+ entry and Ca 2+ release were also explored.
Materials and Methods

Chemicals
The reagents for cell culture were purchased from Gibco ® (Gaithersburg, MD, USA). Aminopolycarboxylic acid/acetoxy methyl (fura-2/AM) and 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid/acetoxy methyl (BAPTA/AM) were from Molecular Probes ® (Eugene, OR, USA). Carvacrol and all other reagents were purchased from SigmaAldrich ® (St. Louis, MO, USA) unless otherwise indicated.
Cell Culture
PC3 human prostate cancer cells obtained from Bioresource Collection and Research Center (Taiwan, ROC) were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin.
Solutions Used in [Ca
2+
] i Measurements Ca 2+ -containing medium (pH 7.4) had 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 5 mM glucose. Ca 2+ -free medium (pH 7.4) contained 140 mM NaCl, 5 mM KCl, 3 mM MgCl 2 , 0.3 mM ethylene glycol tetraacetic acid (EGTA), 10 mM HEPES, and 5 mM glucose. Carvacrol was dissolved in ethanol as a 1 M stock solution. The other chemicals were dissolved in water, ethanol or dimethyl sulfoxide (DMSO). The concentration of organic solvents in the experimental solutions did not exceed 0.1%, and did not affect viability or basal [Ca 2+ ] i .
[Ca
2+ ] i Measurements
The [Ca 2+ ] i was measured as previously described (17, 29, 33) . Confluent cells grown on 6 cm dishes were trypsinized and made into a suspension in culture medium at a concentration of 10 6 cell/ml. Cell viability was determined by trypan blue exclusion. The viability was greater than 95% after the treatment. Cells were subsequently loaded with 2 μM fura-2/AM for 30 min at 25°C in the same medium. After loading, cells were washed with Ca 2+ -containing medium twice and was made into a suspension in Ca 2+ -containing medium at a concentration of 10 7 cell/ml. Fura-2 fluorescence measurements were performed in a water-jacketed cuvette (25°C) with continuous stirring; the cuvette contained 1 ml of medium and 1 million cells. Fluorescence was monitored with a Shimadzu RF-5301PC spectrofluorophotometer immediately after 0.1 ml cell suspension was added to 0.9 ml Ca 2+ -containing or Ca 2+ -free medium, by recording excitation signals at 340 nm and 380 nm and emission signal at 510 nm at 1-s intervals. During the recording, reagents were added to the cuvette by pausing the recording for 2 s to open and close the cuvette-containing chamber. For calibration of [Ca 2+ ] i , after completion of the experiments, the detergent Triton X-100 (0.1%) and CaCl 2 (5 mM) were added to the cuvette to obtain the maximum fura-2 fluorescence (17, 29, 33) . Then the Ca 2+ chelator EGTA (10 mM) was added to chelate Ca 2+ in the cuvette to obtain the minimum fura-2 fluorescence. Control experiments showed that cells bathed in a cuvette had a viability of 95% after 20 min of fluorescence measurements. [Ca 2+ ] i was calculated as previously described (13) .
Mn 2+ quenching of fura-2 fluorescence was performed in Ca 2+ -containing medium containing 50 μM MnCl 2 . MnCl 2 was added to cell suspension in the cuvette 30 s before the fluorescence recording was started. Data were recorded at excitation signal at 360 nm (Ca 2+ -insensitive) and emission signal at 510 nm at 1-s intervals as described previously (20) .
Cell Viability Assays
Viability was assessed as previously described (17, 29, 33) . The measurement of cell viability was based on the ability of cells to cleave tetrazolium salts by dehydrogenases. Increases in the amount of developed color directly correlated with the number of live cells. Assays were performed according to manufacturer's instructions (Roche Molecular Biochemical, Indianapolis, IN, USA). Cells were seeded in 96-well plates at a concentration of 10 4 cell/ well in culture medium for 24 h in the presence of carvacrol. The cell viability detecting tetrazolium reagent 4-[3-[4-lodophenyl]-2-4(4-nitrophenyl)-2H-5-tetrazolio-1,3-benzene disulfonate] (WST-1; 10 μl pure solution) was added to samples after carvacrol treatment, and cells were incubated for 30 min in a humidified atmosphere. In experiments using BAPTA/ AM to chelate cytosolic Ca 2+ , cells were treated with 5 μM BAPTA/AM for 1 h prior to incubation with carvacrol. The cells were washed once with Ca 2+ -containing medium and incubated with/without carvacrol for 24 h. The absorbance of samples (A 450 ) was determined using an enzyme-linked immunosorbent assay (ELISA) reader. Absolute optical density was normalized to the absorbance of unstimulated cells in each plate and expressed as a percentage of the control value.
Statistics
Data are reported as mean ± standard error of the mean (SEM) of three separate experiments. Data were analyzed by one-way analysis of variances (ANOVA) using the Statistical Analysis System (SAS  , SAS Institute Inc., Cary, NC, USA). Multiple comparisons between group means were performed by post-hoc analysis using the Tukey's honestly significantly difference (HSD) procedure. A P-value less than 0.05 was considered significant. 
Results
Effect of Carvacrol on [
Sources of Carvacrol-Induced Ca 2+ Release
The endoplasmic reticulum has been shown to be the primary Ca 2+ store in most cell types (6) . Therefore, the following experiments examined the role of the endoplasmic reticulum in carvacrolinduced Ca 2+ release in PC3 cells. The experiments were conducted in Ca 2+ -free medium to avoid the participation of Ca 2+ influx. Fig. 4A shows that 
Effect of Carvacrol on Cell Viability
Cells were treated with 0-800 μM carvacrol for 24 h, and tetrazolium assay was performed. In the presence of carvacrol, cell viability decreased in a concentration-dependent manner between 200-800 μM (Fig. 6) 
Discussion
Carvacrol is a natural phenol which has wide clinical applications including antibacterial, antifungal, and insecticidal effects (32) . In Ca 2+ signaling, phenolic compounds have been shown to affect Ca 2+ homeostasis in various cell models such as nonylphenol in MG63 human osteosarcoma cells (34) and bisphenol A in MDCK canine renal tubular cells (16) . However, whether carvacrol affects Ca -independent cell death. Cells were treated with 0-800 μM carvacrol for 24 h, and the cell viability assay was performed. Data are mean ± SEM of three separate experiments. Each treatment had six replicates (wells). Data are expressed as percentage of control that is the increase in cell numbers in carvacrol-free groups. Control had 10,678 ± 127 cells/well before experiments, and had 13,868 ± 877 cells/well after incubation for 24 h. In each group, the Ca 2+ chelator BAPTA/AM (5 μM) was added to cells followed by treatment with carvacrol in Ca 2+ -containing medium. Cell viability assay was subsequently performed. *P < 0.05 compared to control. (4, 6, 22) . Thus, it seems that carvacrol induced PKC-sensitive store-operated Ca 2+ entry in PC3 cells. The data also show that the Ca 2+ release was mediated by a PLC-dependent mechanism, given the release was abolished when PLC activity was inhibited. Collectively, the data suggest that carvacrol induced Ca 2+ release from the endoplasmic reticulum via a PLC-dependent pathway.
Our study shows that carvacrol (200-600 μM) was cytotoxic to PC3 cells in a concentration-dependent manner. Ca 2+ overloading is known to trigger processes resulting in alteration in cell viability (4, 26 (18, 19) . Consistently, carvacrol (200-600 μM) also caused cytotoxic effects in PC3 cells. Therefore, this concentration range of carvacrol may be applied to various cancer cell models.
In terms of cytotoxic effects of carvacrol in various cell models, carvacrol caused cytotoxicity at an IC 50 (half maximum inhibitory concentration) value of 525 ± 83 μM in the porcine enterocyte cell line IPEC-1 (5). Furthermore, carvacrol can be applied to normal mammalian cells at high concentrations (~1500 μM) without causing death (11) . Therefore, our study suggests that carvacrol may cause death in cancer cells, but not in non-cancer cells.
In our study, viability and [Ca 2+ ] i measurements were performed under totally different conditions, thus, the data cannot be compared. In cytotoxicity assays, cells were treated with carvacrol overnight in order to obtain significant changes in viability. Whereas [Ca 2+ ] i measurements were conducted online and terminated within 20 min. The cell viability was still >95% after 20 min incubation with carvacrol. This explains why carvacrol (200-800 μM) decreased cell viability whereas 800 μM carvacrol did not change viability in [Ca 2+ ] i measurements. To the best of our knowledge, the effect of carvacrol on toxicity has not been explored in human; therefore, no data of the achievable plasma level is available. However, in animal research, previous studies were performed to explore the protective effects of carvacrol in D-galactosamine (D-GalN)-induced hepatotoxicity and oxidative damage in male albino Wistar rats (1) and high-fat-diet (HFD)-induced C57BL/ 6J diabetic mice (10) . The plasma level of carvacrol may reach 20-30 μM (1, 10). In animals with liver or kidney disorders, this level may go much higher (1, 10) . Our results show that at a concentration of 200 μM carvacrol could induce slight cell death. Therefore, our findings may be relevant in certain in vivo situations.
Together, the data show that carvacrol induced PLC-dependent Ca 2+ release from endoplasmic reticulum and also Ca 2+ entry via PKC-sensitive store-operated Ca 2+ entry and other unknown pathways in PC3 cells. Carvacrol also evoked cell death in a Ca 2+ -unrelated manner. The [Ca 2+ ] i -elevating and cytotoxic effects of carvacrol should be taken into account in other in vitro study.
